Abstract. Moisture content and aerodynamic particle size are critical quality attributes for spray-dried protein formulations. In this study, spray-dried insulin powders intended for pulmonary delivery were produced applying design of experiments methodology. Near infrared spectroscopy (NIR) in combination with preprocessing and multivariate analysis in the form of partial least squares projections to latent structures (PLS) were used to correlate the spectral data with moisture content and aerodynamic particle size measured by a time of flight principle. PLS models predicting the moisture content were based on the chemical information of the water molecules in the NIR spectrum. Models yielded prediction errors (RMSEP) between 0.39% and 0.48% with thermal gravimetric analysis used as reference method. The PLS models predicting the aerodynamic particle size were based on baseline offset in the NIR spectra and yielded prediction errors between 0.27 and 0.48 μm. The morphology of the spray-dried particles had a significant impact on the predictive ability of the models. Good predictive models could be obtained for spherical particles with a calibration error (RMSECV) of 0.22 μm, whereas wrinkled particles resulted in much less robust models with a Q 2 of 0.69. Based on the results in this study, NIR is a suitable tool for process analysis of the spray-drying process and for control of moisture content and particle size, in particular for smooth and spherical particles.
INTRODUCTION
The process analytical technology (PAT) initiative and quality by design approach to product design and production, as described in the ICH Q8-Q10, have recently been incorporated by the European Medicines Agency and the US Food and Drug Administration to ensure higher-quality products and faster development (1) (2) (3) . Basically, the framework aims at a better process understanding and process design to ensure quality. The first step is to define the desired target product profile (TPP), which refers to the characteristics ensuring efficacy and safety of the drug product. The TPP includes dosage form and administration route. The second step is identifying critical quality attributes (CQA), which are physical and chemical properties or characteristics important for the TPP and thus the quality of the final product. The limits of the CQAs define the product design space (4, 5) which is preferably investigated applying a design of experiments (DoE) approach and analysed in real time. This is the core idea of the PAT framework (3) . Near infrared (NIR) spectroscopy has traditionally been used as the preferred analytical method when incorporating the PAT initiative (6) (7) (8) . The reasons for the success of NIR spectroscopy include the absence of sample preparation, fast analysis time, as well as noninvasive and nondestructive sample analysis (9, 10) . The application of multivariate data analysis is usually necessary to understand the highly complex process as well as for the spectral data analysis.
Proteins are labile molecules and stabilisation is often needed in order to obtain products with a suitable shelf life (11, 12) . The most common approach towards stabilising protein drugs is to remove the water from the formulation (13, 14) , often in the presence of specific excipients which prevent protein unfolding due to dehydration stress (15, 16) . Water tends to decrease the shelf life of proteins by increasing the molecular mobility of the protein, and acts as a reactant in several degradation pathways (14) . Thus, the moisture content of the final drug product is a CQA referring to the protein stability. There is an increasing interest in understanding the solid-state properties of biopharmaceuticals where the final product is governed by complex interactions between protein, excipient and the process parameters of an applied process, such as spray drying.
For pulmonary delivery the particle size, particle size distribution and moisture content are important CQAs (17) (18) (19) . Pulmonary delivery has been stated as an attractive alternative to the subcutaneous administration route used presently as the preferred administration route for proteins. The large surface area and a thin lung epithelium in the deep lungs make the absorption of proteins easier compared with other noninvasive routes. The deposition of particles in the deep lungs is controlled by a number of parameters, with aerodynamic particle size being the most important. The aerodynamic particle size should be in the range of 1-5 μm for optimal delivery. In addition to deposition in the deep lungs, particle size is important for bioavailability and dose uniformity. Particles with the optimal aerodynamic particle size can be manufactured in several different ways, including milling and spray drying (17, 20) .
Spray drying is a popular manufacturing process for particles in general and has been used for several decades in the food industry (21) . In the pharmaceutical industry, it has so far mainly been applied to producing particles intended for inhalation. Several companies have had spray-dried insulin in the pipeline as a drug candidate for the future, and the only approved systemic protein drug administered through the lungs was manufactured by spray drying (22) . The spray-drying process is a one-step unit operation which is attractive from an economic perspective, but what makes it attractive in the field of pulmonary delivery is the unique control of particle size and particle size distribution of dried powders (18) (19) (20) 23) . By adjusting the process parameters in the spraydrying process, the particle size can be controlled and an aerodynamic particle size in the size range of 1-5 μm can be obtained (24, 25) . The concept of expressing particle size in one numerical descriptor is only valid for spherical particles, but many spray-dried formulations do not yield completely spherical particles. Instead, the aerodynamic particle size is used, which is defined as the diameter of a spherical particle of unit density having the same terminal velocity as the measured particle. Thus, the conversion between geometric particle size and aerodynamic particle size is dependent on both shape factor and particle density (26, 27) . Since the particle size is critical to the deposition in the lungs, and thereby the success of a solid formulation, controlling the particle size is important for a successful formulation.
In the NIR region, spray-dried powders both absorb and scatter light, resulting in spectra with overlapping bands, nonconstant baselines and varying offsets. The absorption bands are dominated by the overtones and combinations of functional groups, whereas scatter in the NIR region is caused by mismatched refractive indices at the interfaces in the sample and depends among other things on the particle size, morphology and density of the powders (28, 29) . Thus, for the measurement of chemical properties of solid materials, scatter is a complicating factor. Vice versa, absorbance bands constitute a complicating factor for the determination of physical properties of the solid. Several studies have investigated the particle size in various processes (6, 8, 28, (30) (31) (32) (33) and the moisture content of lyophilized sugars and proteins by NIR (7, 8, 30, (34) (35) (36) . However, NIR has seldom been applied to monitor the spray-drying process, and has rarely been used when proteins are the model system (37) . In addition, NIR has so far not been correlated with aerodynamic particle size; however, this should be possible as both NIR scattering and aerodynamic particle size are related to geometric particle size, density and morphology. Furthermore the spray-drying process can yield particles with highly distinct morphologies which present a challenge for particle size analysis.
The objective of the present study is to utilize NIR as a PAT tool to address aerodynamic particle size and moisture content of spray-dried insulin intended for inhalation. DoE was used to choose process parameter settings for the production of spray-dried insulin particles with varying particle sizes and moisture contents. The moisture content was measured with thermogravimetric analysis (TGA) and the aerodynamic particle size was measured with a time of flight (TOF) principle. NIR spectra were correlated with the measured moisture content and particle size using partial least square projections to latent structures (PLS) in order to obtain prediction models. Furthermore, three different particle morphologies were obtained from the spray-drying process and the effect of these on the prediction power was evaluated.
MATERIALS AND METHODS

Materials
Biosynthetic human insulin containing two Zn atoms per hexamer was kindly supplied by Novo Nordisk A/S, Bagsvaerd, Denmark. All other chemicals were commercially available chemicals of analytical grade. Deionized water was filtered using a Millipore system (Millipore, Billerica, MA, USA) and used for all samples.
Sample Preparation
Insulin solutions were prepared by dissolving the insulin in a minimal volume of 0.2 M ice-cold hydrochloric acid resulting in a pH of approximately 2.5, which is below the isoelectric point of the insulin monomer (5.3) and hexamer (6.4) (38) . After dissolution of the insulin, the pH was adjusted to 8.0 with 0.2 M ice-cold sodium hydroxide. The insulin concentration was determined from absorbance at 276 nm using a molar extinction coefficient of 6,200 M −1 cm −1 and adjusted to 5 mg/ mL (0.8 mM), 30 mg/mL (5 mM) or 60 mg/mL (10 mM) with water.
DoE-Based Setup of Spray Drying
Spray drying was performed with a Büchi B-290 spray dryer (Büchi Labortechnik AG, Flawil, Switzerland) according to standard procedures (24) . The humidity of the inlet drying air was controlled and kept below 20%. A two-fluidnozzle design with nitrogen as atomising gas was used in a cocurrent mode. Spray-dried particles were separated from the drying air by a standard cyclone and manually transferred to glass vials immediately after production. The spray-dried powders were stored in vials at 5°C and at a relative humidity of 20%. A central composite face-centred design (CCF) designed in SAS-JMP (SAS Institute Inc., Cary, USA) was used to create a large design space for the investigated parameters: nozzle gas flow rate (N), feed flow rate (F), inlet drying air temperature (T in ), inlet drying air flow rate (A) and insulin concentration (I). The experimental design is explained in more detail in (24) . In brief, N, F, T in , A and I were included in the CCF design at three levels (Table I ) utilizing 31 experiments. A two-level fractional factorial design (2 5−1 design) consisting of 16 experiments was combined with 10 star points with a high and low level for each parameter, and 5 experiments were centre points. As the variation between the centre points is used to calculate the validity of the model in DoE, no replicates of the other experiments are necessary. At a later stage, the centre points were excluded from the training set and used as an external prediction set in the PLS models.
Morphology
The particle shape and surface morphology were investigated by scanning electron microscopy (SEM) using a Quanta 200 (FEI Company, Hillsboro, USA). The acceleration voltage was 10 kV and magnifications from ×1,000 to ×20,000 were used for all samples. The powder was sprinkled on a SEM stub, covered with adhesive carbon tape and sputter coated with gold prior to scanning. The signal is composed of secondary electrons.
Moisture Content
The moisture content in the powder samples was analysed by TGA with a TGA 7 (Perkin Elmer Inc., Waltham, USA) with nitrogen purging. The powder sample weighing approximately 2 mg was heated from 20°C to 250°C at a rate of 10°C/min. The weight loss observed between 20°C and 160°C was assigned to water evaporation from the powder and the weight change in per cent was defined as the moisture content of the powder. Weight losses occurring after 160°C were likely due to thermal decomposition of insulin.
Aerodynamic Particle Size
The aerodynamic particle size was determined using an Aerodynamic Particle Sizer Spectrometer 3321 equipped with a Small-Scale Powder Disperser (TSI Incorporated, Shoreview, MN, USA) used to generate the aerosol. The instrument employs a time of flight principle, measuring the velocity of the individual particles. The aerodynamic diameter was defined as the diameter of a spherical particle with the same velocity and behaviour as the analysed particle. The resulting particle size distribution was number-based and afterwards converted to a mass-based particle size distribution by the software provided with the instrument. A few milligrammes of spray-dried powder were placed on the turntable inside the small-scale powder disperser and introduced into the aerodynamic particle sizer by a Venturi aspirator. The flow rate and the rotation rate of the small-scale powder disperser were controlled to yield a particle concentration in the range of 0.3-3.0 mg/m 3 and analysis was continuously carried out for 20 s. It was assumed that the shear forces present in the small-scale powder disperser were sufficient to deagglomerate the spray-dried particles. In the following text, the aerodynamic particle size is given as the mass median aerodynamic diameter (MMAD).
Geometric Particle Size
The geometric particle size was analysed by laser diffraction with a Helos system (Sympatec GmbH, Clausthal-Zellerfeld, Germany). The powder was dispersed in isopropanol with Tween 20 and the optical density of the dispersion was adjusted to approximately 10% prior to measuring. The used wavelength was 632.8 nm. The particle size stated is the mass median diameter.
Near Infrared Spectroscopy and Multivariate Data Analysis
The near infrared (NIR) spectra were collected on a Bomem FTLA 2000 series FT-NIR spectrometer (Bomem, Quebec, Canada) in reflectance mode. NIR spectra were recorded through the bottom of the glass vials for each dried sample. Samples were rotated and measured again to decrease any possible effect of uneven distribution of powder. Samples were measured in the range of 8,000 to 4,000 cm −1 with a resolution of 8 cm −1 at ambient temperature. Each spectrum consisted of 32 scans. PLS models and calculations were computed using Simca-P v. 11.5 (Umetrics AB, Umeaa, Sweden). Spectral preprocessing was for some models applied prior to multivariate data analysis to reduce variation caused by unwanted variation and noise. Derivatives were applied to improve resolution of overlapping bands, while standard normal variate (SNV) transformation was used to reduce variation caused by physical characteristics (39) (40) (41) . Based on previous experience, the PLS regression was performed on untreated spectra, standard normal variate spectra, first derivative and second derivate spectra (7) . In all models, the spectra were centred prior to analysis regardless of the pretreatment method, while no other scaling (such as univariate scaling) was applied. Cross-validation was performed on all PLS models in addition with the validation plot addressing the uniqueness of the models. The cross-validation is performed with the standard settings of the software. The software divides the data set into seven random parts and performs parallel PLS models on the reduced data with one of the groups deleted. For every cycle, one part of the data set is removed and a model is built on the remaining six parts. The left out data are predicted from the model. This is repeated until all the data had been predicted. The predicted data were compared with original data and the sum of squared errors was calculated and converted into Q 2 . For comparisons of models, the root mean square error of estimation (RMSEE) and cross-validation (RMSECV) were used together with goodness of fit (R 2 ) and prediction (Q 2 ). External validation was used where four centre points were excluded from the data set and used as prediction set. The root mean square error of prediction (RMSEP) for moisture content and MMAD models was calculated based on the difference between the predicted and reference value for each sample in the prediction set.
RESULTS AND DISCUSSION
In DoE, several plausible models can be used for the investigation of a design space, all based on the desired detail of obtained knowledge. In the current investigation, screening was not necessary due to prior knowledge and an optimization design was applied to include both interaction and nonlinear behaviour of the factors. Thus, a central composite face-centred experimental design (CCF) was used to determine the parameters for the production of spray-dried powders with varying particle sizes and moisture contents, resulting in 31 production runs. A more detailed description of the experimental design is given in (24) . All 31 spray-drying experiments produced white non-cohesive powders with distinct particles according to SEM analysis. Three distinct morphologies were observed for the spray-dried powders classified as sphericalshaped particles (type I), wrinkled particles (type II) and highly folded particles (type III) ( Fig. 1) (24) . The deposition of particles in the lungs is controlled by the aerodynamic particle size which is correlated to the geometric particle size, density of the particle and shape or morphology of the particle (42). The particle density is an important parameter, and particles with a large geometric particle size and low density have been designed for improved delivery to the lungs (20) . The morphology of the particle is equally important and most particle shapes result in a lower aerodynamic particle size compared with a spherical particle. Thus, particles with a low density and non-spherical shape are preferred for pulmonary delivery, corresponding to the type III particles in this study.
The NIR spectra of several spray-dried insulin powder samples are shown in Fig. 2 . The spectral region 7,000-5,600 cm −1 is assigned to overtones of the insulin molecule. The bands in the region 5,900-5,700 cm −1 are the first overtones of the C-H stretching and the band around 6,630 cm −1 is associated with the first overtone of the N-H stretching. The spectrum is dominated by combination bands in the 5,200-4,000 cm −1 region, similar to bands found for other proteins. Most of these bands have been tentatively assigned to combinations of amide I, amide II, amide III, amide A, amide B and C-H stretching bands (43, 44) . For the spray-dried insulin powders, two bands are observed around 6,900 and 5,150 cm −1 in the NIR spectra. These two bands originate from vibrations in the water molecule and the frequency depends on the environment and hydrogen bonding of the water molecules in the formulation (45) . The band around 6,900 cm −1 corresponds to the first overtone of the OH stretching, 2υ(OH) and the band around 5,150 cm −1 is associated with the combination band of the OH stretching and bending, υ(OH)+δ(OH). These bands have previously been used to predict the water content in lyophilized and granulated samples (6) (7) (8) 30, 34, 36) .
Moisture Content
For the 31 experiments, the moisture content measured by loss of weight (TGA) was between 4% and 10%. NIR spectra of the spray-dried samples show that the water bands at 6,900 and 5,150 cm −1 change in intensity with varying moisture content (Fig. 2a ). An increase in moisture content results in an increase in intensity in these two bands and a baseline variation. Bands originating from insulin overlap with the water bands making it difficult to use the band intensity for direct quantification. The band at 6,900 cm −1 primarily overlaps with the N-H overtone bands and the band at 5,150 cm −1 overlaps with combination bands from the insulin molecule. Different pre-treatment methods have previously been used in combination with NIR spectroscopy to enhance the chemical information in the spectral data set. A commonly used method is to transform the spectra, eliminating the physical information in the spectral data set. First derivative, second derivative, and standard normal variate (SNV) transformations have all been used with success when correlating NIR spectra with moisture content (7, 8, 34) . In this study, all three pre-treatment methods were tested, in addition to the untreated data set, in the PLS analysis. An overview of the four cross-validated PLS models is given in Table II . Restricting the included wavenumbers to specific ranges was investigated for the spectral data set, but none were found to improve the quality of the model based on the entire spectral range (data not shown).
The untreated spectral data set showed a low correlation between the variation in the NIR spectra and the moisture content. This becomes evident as the first PLS component utilizes a large portion (92.5%) of the NIR spectra to explain a minor portion (21.5%) of the moisture content. This is due to the fact that the main variation in untreated data often is a baseline offset. This offset can be related to the water content, but needs a larger proportion of the spectral variance to obtain a correlation to the moisture content than specific water absorption bands. In contrast, the first PLS components in the three models based on pre-treated spectra correlate the majority of the variation in the spectra (73.2% for first derivative, 61.4% for second derivative and 57.0% for SNV) to the majority of the variation in the moisture content (85.5% for first derivative, 68.4% for second derivative and 93.3% for SNV). The PLS models based on the first and second derivative performed slightly better compared with the model based on the untreated absorbance data set, with one less PLS component due to removal of most of the physical variation found in the first PLS component of the untreated absorbance data set (Table II) .
SNV correction resulted in a simple PLS model with only one component and a linear correlation between NIR spectra and moisture content (Fig. 3a) . The loading plot for the PLS component of the model based on the SNV treated data set shows two significant features corresponding to the two bands originating from the water molecule in the NIR spectrum (Fig. 3b) . At low wavenumbers, features of the insulin spectrum are present in the loading plot and are negatively correlated with the moisture content. Thus, the SNV model mainly reflects the variation in the moisture content from the two water bands and the combination bands originating from the insulin molecule below 5,000 cm −1 . All models predict the moisture content with an error similar to the reference method (0.4%) and with a RMSECV and RMSEP in the same range as previously published models developed for lyophilised mannitol and trehalose (0.42%) (7) and granulation of lactose (0.59%) (8) . The actual and predicted moisture content of the four samples (centre points) in the prediction data set were tested with two-way analysis of variance (ANOVA). There was no significant difference between the predicted moisture content of the four PLS models and the actual measured moisture content by TGA (Fig. 3c) . However, the four samples had a significantly different moisture content indicating sample to sample variation in the spray-drying process. In conclusion, the overlapping features of insulin with the bands originating from the water molecules in the NIR spectrum and the spraydrying method do not influence the prediction of the moisture content by the PLS models. 
Aerodynamic Particle Size
For the spray-dried insulin, not only the moisture content, but also the particle size of the spray-dried powders is an important variable. The aerodynamic particle size was measured with a time of flight (TOF) principle and yielded MMAD in the range of 1.38-5.81 μm for the investigated process design space. This range of aerodynamic particle sizes reflects the optimal size range for particles intended for pulmonary delivery (17) .
The effects of particle size on the NIR absorbance spectra can be observed in Fig. 2b , where an increasing particle size results in an increase in absorbance due to scattering effects of the particles for three representative samples. Scattering is not only dependent on the particle size, but also other particle characteristics such as density, shape, refractive index and uniformity have a significant impact. In order to evaluate NIR as a possible technique for measuring the particle size of spray-dried powders in the size range suitable for pulmonary delivery, the measured MMAD was correlated with the NIR spectra. An overview of the cross-validated PLS models of the aerodynamic particle size is given in Table III , and measured versus predicted MMAD is given in Fig. 4a for the untreated NIR spectra. Three PLS components were needed to correlate the untreated NIR spectra (Fig. 4b) , the first derivative and the second derivative pre-treated spectra with the aerodynamic particle size. In the loading plot for the PLS model based on the untreated data, the first two PLS components resemble the NIR spectra of insulin with different degrees of baseline offset, while the dominant features for the third PLS component are the two bands originating from water (Fig. 4b) . The first two PLS components correlate the main variation in the spectral data set (80.4% and 19.1%, respectively) with the main variation in aerodynamic particle size (24.0% and 49.0%, respectively). Interestingly, the first PLS component is positive at wavenumbers below 7,000 cm . This shows that an increase in particle size results in an increase in scattering intensity at low wavenumbers but not at high wavenumbers. This has been observed before for particles below 20 μm and is due to a decrease in direct backscatter and increase in path length for small particles at larger wavelengths (46) . The correlation between baseline offset and the aerodynamic particle size implies that SNV transformation cannot be used since this transformation reduces the baseline offset. The last PLS component, based on the characteristic water bands, indicates that smaller particles have a higher moisture content and moisture accounts for 9.5% of the aerodynamic particle size variation. While the first PLS component describes 24.0% of the variation in the aerodynamic particle size, the majority of the variation is not accounted for, which indicates that other physical particle characteristics contribute to the variation in the spectra. In order to decrease the effect of these physical parameters, first and second derivative transformations are tested as pre-treatment methods to reduce the amount of nonsignificant variation in the spectral data set compared with the untreated NIR spectra. For the model based on first derivative spectra, the first PLS component correlates 73.6% of the variation in the spectral data set with 59.2% of the variation in the aerodynamic particle size, whereas for the model based on second derivative spectra, the first PLS component uses 68.2% of the spectral variation to explain 67.8% of the aerodynamic particle size variation. However, none of the derivative models perform better than the model based on the untreated spectra in terms of RMSEE, RMSECV and RMSEP.
The actual and predicted MMAD of the four samples (centre points) in the prediction data set were tested with two-way ANOVA. There was no significant difference between the predictions of the four PLS models and the actual measured aerodynamic particle size by TOF (Fig. 4c) . In conclusion, NIR spectroscopy in combination with PLS analysis could be an alternative to measuring the aerodynamic particle size by TOF.
Influence of Particle Morphology on Aerodynamic Particle Size
To further evaluate the effect of particle characteristics on the NIR spectra and the ability to predict the particle size, the 31 experiments were divided into three groups according to morphology (Fig. 1) and new PLS models were computed. Models were made for untreated spectra, first derivative and second derivative pre-treated spectra. The model based on the untreated spectra performed slightly better compared to the models based on derivative spectra for RMSEE and RMSECV (data not shown). For all three morphologies, four PLS components are required to correlate the untreated spectra with the aerodynamic particle size (Table IV) .
The PLS model based on type I morphology (spherical shaped) predicts the aerodynamic particle size (Fig. 5a ) with a low RMSECV (0.22 μm) and high predictability (Q 2 is 0.97). The aerodynamic particle size range for particles with type I morphology is from 2.42 to 5.81 μm. Particles with type II morphology are still distinct particles, but have a more wrinkled and irregular-shaped surface. The aerodynamic particle size range is from 2.57 to 4.12 μm and the model performs equally well as the PLS model for type I morphology (RMSECV is 0.16 μm and Q 2 is 0.88). Type III morphology encompasses particles with a highly folded structure and a clear distinction between particles cannot always be assigned. In general, the PLS model based on particles with a type III morphology performs worse compared with the other morphologies (RMSECV is 0.44 μm and Q 2 is 0.69). As discussed above, reasonably predictive models can be obtained for type I and type II morphologies, whereas particle diameter for particles with type III morphology are not easily predicted. Thus, morphology clearly matters for scattering of the NIR spectra and the subsequent prediction of the particle Fig. 4 . PLS model of aerodynamic particle size based on untreated spectra. a Correlation between aerodynamic particle size obtained by PLS model and measured by TOF principle. b Loading plot of the PLS components: PLS 1, PLS 2 and PLS 3. c Measured and predicted aerodynamic particle size for the four centre points used as prediction set size of the spray-dried particles. The influence of morphology on the PLS models can be explained by the differences in the analytical principle used for NIR and aerodynamic particle size. The PLS models based on NIR spectra are founded on differences in light scattering of particles, whereas aerodynamic particle size is measured by TOF independent of particle scattering. The difference is clarified when looking at the geometric particle size measured by laser diffraction. It can be seen in Fig. 5b that even with rather similar geometric particle sizes, large differences in aerodynamic particle sizes are found due to different morphology and density. Especially for type III and to some extent type II morphology, a low correlation is observed between aerodynamic and geometric particle size. For regulatory approval, the aerodynamic particle size has to be measured with multistage cascade impactors providing a direct link between mass of active pharmaceutical ingredient and aerodynamic particle size; this direct link is not obtained with TOF or NIR measurements. However, both TOF and NIR are significantly faster and more suitable for continuous monitoring of aerodynamic particle size than multistage cascade impactors. For TOF measurements, the sample is removed from the spray-drying process. Although our measurements were performed at-line through the bottom of a glass vial, the application of an instrumentation with a fibre optic probe, NIR measurements can in principle be done directly on a glass collection vessel, thus making it an excellent choice for in-line analysis of the aerodynamic particle size for formulations intended for pulmonary delivery.
CONCLUSION
In product quality monitoring, moisture content and particle size are critical quality attributes for spray-dried powders. The NIR models developed in this study can be used to monitor the moisture content of the spray-dried insulin, based on the chemical information of the water molecules in the NIR spectrum of the spray-dried powders. All models yielded good fits, good predictions and RMSEPs comparable with the reference method (TGA) but the SNV model is recommended due to a lower number of PLS components.
The NIR spectra also yielded useful information on the particle size and could be correlated to results obtained from TOF. The morphology of the spray-dried particles had a significant impact on the models; especially for highly folded particles it was difficult to build robust models, while good models were achieved for particles with a more uniform morphology. Multivariate analysis of the NIR spectra showed a good prediction of the aerodynamic particle size. Thus, NIR was successfully applied for at-line process analysis, and can in principle be used for in-line process analysis at the glass collection vessel, in order to monitor both particle size and moisture content of a spray-drying process.
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